Pressure-Tuned Collapse of the Mott-Like State in Ca n+ iRu„03 n+ i (n=l,2): Raman 

Spectroscopic Studies 
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We report a Raman scattering study of the pressure-induced collapse of the Mott-like phases of 
Ca3Ru207 (Tjv=56 K) and Ca2Ru04 (Tjv=110 K). The pressure-dependence of the phonon and 
two-magnon excitations in these materials indicate: (i) a pressure-induced collapse of the antiferro- 
magnetic (AF) insulating phase above P*~55 kbar in Ca3Ru207 and P*~ 5-10 kbar in Ca2Ru04, 
reflecting the importance of Ru-0 octahedral distortions in stabilizing the AF insulating phase; and 
(ii) evidence for persistent AF correlations above the critical pressure of Ca2Ru04, suggestive of 
phase separation involving AF insulator and ferromagnetic metal phases. 

PACS numbers: 71.30.+h 75.30.Kz 75.50.E1 78.30.-j 



Complex oxide systems such as the cuprates, nick- 
elates, and manganites have generated intense study 
over the past few years, in an effort, first, to clar- 
ify the relationship between the exotic phases of the 
materials; and second, to elucidate the origin and na- 
ture of the rich phenomena these compounds exhibit, Q 
such as unconventional superconductivity, charge- and 
orbital-ordering, and "colossal" magnetoresistance. Al- 
though not so well studied, it is evident that the ruthcn- 
ate system (Sr,Ca) rl +iRu rl 03„+i (n= number of Ru- 
O layers per unit cell) exhibits the same richness and 
complexity as other complex oxides, including orbital- 
ordering in the Mott-like insulators Ca2Ru04 (Tjv=110 
K) and Ca 3 Ru 2 7 (Tjv=56 K);|, § § "colossal" sen- 
sitivities of transport and structural properties to mag- 
netic field, H doping, ||, [?J and pressure; || and a doping- 
induced transition in Ca2-xSr x Ru04 between a Mott in- 
sulator (x=0)§, § and a possible unconventional super- 
conductor with T c =1.5 K (x=2).@ |§ A better un- 
derstanding of these phenomena requires clarifying the 
manner in which the Mott-like phases of the ruthen- 
ates evolve into the exotic metallic and superconducting 
phases with doping or external perturbation. 

Measurements performed while pressure-tuning the 
phase behavior of a material are particularly valuable 
for carefully exploring the evolution of exotic phase be- 
havior in complex materials: such studies allow one to 
investigate - in a particularly well-controlled manner - 
the effects of doping on a system, absent the deleteri- 
ous and obscuring effects of disorder introduced when 
doping via chemical substitution. For example, recent 
pressure-dependent transport and magnetization mea- 
surements of single-layer Ca2Ru04 have revealed a dra- 
matic collapse of the antiferromagnetic (AF) insulator 
phase into a ferromagnetic (FM) metal phase near P*~5 



kbar.g Unfortunately, thus far there has been little in- 
formation regarding the important evolution of lattice, 
charge, and spin dynamics across pressure-induced phase 
boundaries in these sytems. In this Letter, we describe a 
novel investigation that combines the power of inelastic 
light (Raman) scattering for probing spin-, charge- and 
lattice-degrees of freedom in a material, with the sys- 
tematic phase control afforded by pressure-tuning, in or- 
der to investigate the evolution of the spin-, charge- and 
lattice-dynamics through the pressure-tuned collapse of 
the Mott-like phases of Ca2Ru04 and Ca3Ru2 07. This 
study allows us to investigate several critical issues re- 
lated to these materials, including the role of structure 
and orbital polarization in stabilizing the AF insulating 
phases, and the manner in which AF correlations evolve 
into the pressure-induced metallic phases. 

Raman scattering measurements were performed on 
single crystal samples of Ca2Ru04 and CaaRr^Oy as 
functions of both temperature and hydrostatic pressure. 
Single crystals were obtained by a floating zone technique 
for Ca2RuO4,0] and by a flux method for Ca3Ru2O7.il] 
The Raman spectra were taken in a true backscatter- 
ing geometry with 647.1 nm incident photons from a 
Kr + laser. Variable low-temperature high-pressure mea- 
surements were obtained by loading the samples into a 
SiC-anvil cell that was mounted on an insert specially- 
designed to fit in a flow-through helium cryostat, allowing 
continuous adjustment of both the temperature (3.5 - 300 
K) and pressure (0 - 100 kbar). Argon was used as the 
pressure-transmitting medium, and the pressure inside 
the cell was determined from the shift of the flourescence 
line of a small piece of ruby placed near the sample. From 
the linewidth variation of the ruby line as a function of 
pressure and temperature, we estimate the degree of non- 
hydrostaticity in the pressure cell to be ~1 % or less. The 
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incident photon energy (~ 2 eV) is well below the ~ 3 
eV charge-transfer gap of the ruthenates;|ll[ therefore 
pressure-dependent resonance enhancements of the scat- 
tering were not expected or observed for the excitations 
studied. 

We first focus attention on the Ca3Ru207 system, 
which exhibits a transition from paramagnetic to AF 
states at Tn=56 K, and a metal-insulator transition 
at T M/ =48 K.@ As first shown by Liu et al.,§L^ the 
metal-insulator transition in this material is clearly re- 
vealed in the Raman spectrum by the abrupt soften- 
ing of the 438 cm -1 out-of-phasc (Bi g symmetry) c- 
axis Ru-0 phonon mode (see Fig. 1 (top)). The soft- 
ening of this mode is likely associated with an abrupt 
c-axis lattice contraction that is known to accompany 
the metal- insulator transitions of both Ca3Ru2C>7 f| and 
Ca2Ru04.Q For our purposes, we use the phonon soften- 
ing of this Bi s mode to examine the pressure-dependence 
of the metal-insulator transition in Ca3Ru2C>7, Tmj(P)- 
Fig. 1 (middle, bottom) shows that the temperature at 
which the Bi g phonon softening occurs systematically 
decreases with increasing pressure. Identifying the mid- 
point temperature of this phonon softening as Tm/(P), 
we find a linear decrease of Tmi with pressure - with a 
rate ATmi / AP « -0 . 85 K /kbar - and a complete collapse 
of the insulating phase above a critical pressure near P*~ 
55 kbar (Fig. 1, bottom). 

The strong pressure dependence of Tmi in Ca3Ru2C>7, 
and the eventual pressure-induced collapse of the insu- 
lating phase summarized in Fig. 1, clearly reveals be- 
havior not described by the simple Mott-Hubbard de- 
scription of the AF insulating phase. In particular, this 
result suggests that the insulating phase of CasRu2 07 is 
stabilized by some structural parameter to which pres- 
sure strongly couples. This parameter is most likely 
associated with Jahn- Teller-type distortions of the Ru- 
O octahedra, which are known to occur abruptly at 
the metal- insulator transitions of both CasR^C^H and 
Ca2Ru04.Q A principal effect of these distortions is to 
reduce the orbital degeneracy of the Ru 4+ t2 9 levels by 
lowering the d^j, orbital energy relative to those of the 
d xz and d yz orbitals.pl Fang and Terakura have found 
in electronic structure calculations that these octahedral 
distortions stabilize an AF insulating phase by reducing 
the t2 9 bandwidth and shifting the Fermi surface nesting 
wavevector closer to the zone boundary. |l4| Pressure, on 
the other hand, should thwart this tendency by reduc- 
ing Ru-0 octahedral distortions, thereby stabilizing the 
lower unit-cell volume metallic phase. [fl5| 

In view of the strong pressure-sensitivity of the Mott- 
like phase in the ruthenates, it is of interest to directly 
study how AF correlations evolve with pressure-tuning 
through the pressure-induced collapse of the AF insulat- 
ing phase of Ca„ + iRu„03„4-i. We can directly probe this 
important issue by studying the pressure dependence of 
the two-magnon scattering response of Ca„ + iRu„03 n +i. 
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FIG. 1: Top: P=3.5 kbar and 27 kbar Raman spectra of the 
Bi g out-of-phase Ru-O phonon at temperatures (from bottom 
to top spectra): 3.5 K, 10 K, 15 K, 20 K, 30 K, 35 K, 40 K, 50 
K, 55 K, and 60 K (3.5 kbar only). The spectra have been off- 
set. Middle: Summary of the temperature-dependence of the 
Big out-of-phase Ru-0 phonon at different values of the pres- 
sure. The arrows denote the estimated metal-insulator transi- 
tion, Tjhj(P). Bottom: Summary of the pressure-dependence 
of the metal- insulator transition temperature, Tmi(P). 



Two-magnon scattering, which involves the simultane- 
ous flip of spins on adjacent (Ru) sites, affords an ideal 
means of directly studying the short-range AF correla- 
tions in a system. || |l| The associated Raman 
scattering process involves a photon-induced superex- 
change of two spins on nearest-neighbor (Ru 4d 4 ) sites; 
in the presence of AF order with an in-plane correla- 
tion length £ 2 r> greater than 2-3 lattice spacings, the en- 
ergy cost of this spin-exchange process is 6.7J for a S=l 
system. |p| |l7], |l8| Consequently, the energy, linewidth, 
and intensity of the two-magnon response afford substan- 
tial information regarding the exchange interaction en- 
ergy and lifetime associated with AF fluctuations, even 
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FIG. 2: P=0 two-magnon scattering response of Ca3Ru2C>7 at 
various temperatures. Inset: Summary of the normalized two- 
magnon energy, uj o (T)/uj o (0), and linewidth, T, at P=0 as a 
function of the normalized temperature, T/Tat, for Ca2Ru04 
[u> o (0)=102 cm -1 ] (filled circle and square) and Ca3Ru2C>7 
[u>o(0)=57 cm -1 ] (open circle and square). Lines drawn are 
guides to the eye. 

in the absence of long-range Neel order. 

Fig. 2 shows the two-magnon linewidth and normal- 
ized energy as a function of the normalized tempera- 
ture, T/Tjv, for Ca 3 Ru 2 07 and Ca2RuC>4; illustrative 
two-magnon spectra are also shown at various tempera- 
tures for Ca 3 Ru2C>7 - the results observed for Ca2RuC>4 
are similar. Identification of two-magnon scattering in 
Ca3Ru207 and Ca2RuC>4 is unambiguous, and is based 
upon the following features: (a) the distinctive tempera- 
ture dependence of this scattering in the Neel state (TV 
= 56 K in Ca3Ru2C>7; Tjv = 110 K in Ca 2 Ru04), namely, 
a characteristic decrease in energy and intensity, and an 
increase in linewidth, with increasing temperature, re- 
flecting the renormalization of magnon energies and life- 
times by thermally-excited carriers; jl7| (b) the ob- 
served Bi g symmetry of this scattering, which is that 
predicted by the two-magnon scattering Hamiltonian for 
a material with D^h symmetry, S(Ej ■<Jij)(Es -<Jij)Si ■ 
Sj , where E/ and E5 are the incident and scattered elec- 
tric fields, cry is a unit vector connecting sites i and j, 
and Si is the spin operator on site i; and (c) the scaling 
of the two-magnon energies in Ca2RuC>4 [huj o —102 cm -1 , 
TAr=110 K] and Ca 3 Ru 2 7 [huj =57 cm- 1 , TV=56 K] 
with their respective Neel temperatures. Using the en- 
ergy cost of a two-magnon excitation in an S=l layered 
antiferromagnet with z=4 nearest neighbors, hio =6.73, 
where J is the in-plane exchange energy, we estimate in- 
plane exchange energies of J=15.2 cm -1 for Ca2RuC>4 
and J=8.5 cm -1 for Ca 3 Ru2C>7. 

The temperature-dependence of the two-magnon scat- 
tering responses in Ca2RuC>4 and Ca 3 Ru 2 07 (inset, 
Fig. 2) is typical of that observed for AF insulators 
such as La 2 M0 4 Jlf] and K 2 NiF 4 .Jl|] On the other 
hand, the pressure-dependence of the two-magnon re- 
sponse in the ruthenates, illustrated in Fig. 3 for 
Ca 3 Ru207 [(a),(b)] and Ca 2 Ru04 [(c), (d)], is quite re- 



markable compared to that observed in more conven- 
tional Mott systems. Specifically, the two-magnon energy 
in conventional Mott insulators such as La2Cu04^9| and 
NiO^fj systematically increases with increasing pres- 
sure: Au /AP h2.6 cm-7 kbar (+0.17%/kbar) in 

NiO|(| and Auj /AP ~ +4 cm" 1 /kbar (+0.13%/ kbar) 
in La2Cu04.(l^] This pressure-dependence reflects an in- 
crease in the d-electron hopping matrix element t with 
increasing pressure, and a corresponding increase in the 
exchange constant J, in accordance with the simple Hub- 
bard model, J=t 2 /U, where U is the Coulomb interac- 
tion. By contrast, Fig. 3 shows that the two-magnon 
energies in Ca 3 Ru2 07 and Ca2Ru04 are relatively insen- 
sitive to pressure up to the pressure-induced insulator- 
metal transitions (e.g., Au /AP < -0.04%/kbar in 
Ca 3 Ru2 07), suggesting that the exchange interaction en- 
ergy in the ruthenates is not appreciably influenced by 
pressure over this range. Instead, increased pressure in 
the ruthenates primarily results in a systematic reduc- 
tion in the intensity of two-magnon scattering. These 
unusual trends in the pressure-dependence of the two- 
magnon scattering response suggest that in the ruthen- 
ates, increased pressure suppresses AF correlations, not 
via changes in the AF exchange coupling, but rather by 
suppressing the Ru-0 octahedral distortions - and the 
resulting orbital polarization - that help stabilize antifer- 
romagnetism in the ruthenates.^, |[ [| [u| 

A comparison of the pressure-dependences of Ca2Ru04 
and Ca 3 Ru2 0-7 is of particular interest (Fig. 3). For ex- 
ample, although a pressure of P* ~ 50 kbar is required 
to completely suppress AF correlations in Ca 3 Ru2 07, 
AF correlations in Ca2Ru04 are completely suppressed 
at much lower pressures, P* ~ 15 kbar, in spite 
of its substantially larger Neel temperature (Tjv=110 
K) and exchange coupling (J=15.2 cm -1 ). Moreover, 
while two-magnon excitations (and AF correlations) in 
Ca 3 Rii2 07 are completely suppressed at the pressure- 
induced insulator-metal transition, in Ca2Ru04 we find 
that the two-magnon response persists well into the 
pressure-induced metallic phase. Specifically, pressure- 
dependent transport and magnetization measurements 
of a Ca2RuC>4 sample with a similar Tjy (=112 K) re- 
veal a pressure-induced transition at P*=5 kbar from an 
AF insulator into a FM metallic phase; || in support of 
this value for P*, we observe a large increase in the two- 
magnon linewidth of Ca2Ru04 above P=7 kbar, consis- 
tent with increased damping of magnons due to the pres- 
ence of free carriers (Fig. 3 (d)). However, our results 
clearly indicate that an observable two-magnon response 
persists to more than P ~ 10 kbar, i.e., roughly twice 
the pressure at which the insulator-metal transition is 
induced in Ca2Ru04 at P*~5 kbar. This indicates a 
possible phase separation regime involving FM metallic 
and AF insulating phases near P*, an interpretation that 
is consistent with the strongly first-order nature of the 
metal-insulator transition in these systems. 
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FIG. 3: Raman spectra of the two-magnon scattering response 
at different pressures for (a) Ca3Ru2C>7 and (c) Ca2RuC>4. 
The spectra have been offset. Summary of the two-magnon 
energy uj and linewidth T as a function of pressure for 
(b) CaaRu207 and (d) Ca2Ru04. Hatched lines reflect 
rough phase boundaries inferred from our phonon results for 
Ca3Ru2C>7, and from the results of reference || for Ca2RuC>4. 
Lines drawn are guides to the eye. For Ca2Ru04, the two- 
magnon parameters were obtained after accounting for an 
anvil phonon mode with a simple lorentzian fit (dashed line) . 

The dramatic sensitivity of Tmi and AF correlations 
to pressure in the ruthenates, particularly Ca2RuC>4, 
is indicative of a strong competition between distinct 
orbital and magnetic phases in the ruthenates, with 
pressure-tuning pushing the system toward a pressure- 
tuned T=0 critical point at P* that separates the orbital- 
ordered AF insulating state and a pressure-induced FM 
metal phase. Interestingly, calculations by Hotta and 
Dagotto|| and Anisimov et al.0 indicate the close prox- 
imity of AF and FM orbital-ordered phases, whose rela- 
tive stability should be quite sensitive to pressure. These 
calculations are consistent with our evidence for persis- 
tent AF correlations associated with a remnant AF insu- 
lating phase in the pressure-induced FM metal phase of 
Ca2RuC>4. Notably, theoretical estimates of the relative 
pressure-stability of different possible ordered phases in 
the ruthenates might help our results better differentiate 
among various orbital-ordering scenarios. 

In summary, we have used a novel low-temperature, 
high-pressure Raman spectroscopic investigation to 
study the pressure-induced collapse of the AF insulating 
phases of Ca2RuC>4 and Ca3Ru2C>7. We find that, unlike 



conventional Mott insulators, pressure causes the AF in- 
sulating phase of the ruthenates to collapse at a T=0 crit- 
ical point P*, most likely by suppressing Ru-0 octahe- 
dral distortions - and the resulting d-orbital polarization 
- that stabilize the AF insulating phase of these systems. 
Pressure-dependence studies of two-magnon scattering in 
Ca2RuC>4 and Ca3Ru2C>7 reveal that the AF correlations 
in Ca2Ru04 are much more sensitive to pressure than 
in Ca3Ru2C>7, and that AF correlations associated with 
remnant AF insulator regions may persist well into the 
pressure-induced FM metallic phase of Ca2RuC>4. This 
is indicative of a strong competition between orbital- 
ordered AF insulating and FM metal phases, the outcome 
of which is strongly influenced by pressure. 
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